Introduction {#Sec1}
============

Shape-programmable materials^[@CR1]--[@CR3]^ utilize the large deformations achievable with modest internal strains in thin sheets. The ability to spatially pattern internal strains provides a powerful means to controllably transform 2D sheets into 3D objects. Many biological systems exploit these underlying physical principles^[@CR4]--[@CR6]^. Synthetic analogs are employed in soft robotics^[@CR7]^, drug delivery^[@CR8]^, biomedical devices^[@CR9]^, and biomimetic materials^[@CR10]^. Shape-programmable materials can be engineered to allow dynamic and reversible shape changes (and become smart or 4D materials) by incorporating stimuli-responsive components.

Geometrically, deformations of thin sheets can alter mean ($\documentclass[12pt]{minimal}
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                \begin{document}$$K$$\end{document}$) curvature. Mean curvature is developed by, e.g., constructing a bilayer (analogous to a bimetallic strip) in which the two layers are strained in-plane relative to one another. Gauss curvature requires gradients in in-plane strain within the sheet and can produce a much wider variety of shapes. The ability to independently modulate in-plane and bending strains ($\documentclass[12pt]{minimal}
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                \begin{document}$$H$$\end{document}$) enriches the palette of possible 3D shapes and increases shape programmability.

Conceptually, strains can be programmed into sheets as smoothly varying fields (e.g., through lateral or vertical composition/misfit gradients)^[@CR11]--[@CR16]^, arrays of topological defects^[@CR17]--[@CR22]^ (generated, for example, by conformal growth on substrates with nonflat topographies^[@CR22]--[@CR24]^), and "quilted" patches/grains of constant internal strain^[@CR25]^ (generated, for example, by in-plane heterostructure growth^[@CR16],[@CR26]--[@CR28]^ and localized phase transformations^[@CR29]--[@CR32]^). Material type and synthesis/processing conditions dictate which of these are realizable and the length scales of the achievable 3D shapes.

Soft shape programmable materials based on hydrogels^[@CR33]^, polymers^[@CR34]^, nematic elastomers^[@CR35]^, and other shape memory materials^[@CR36]^ have been extensively studied. Means to control both bending^[@CR37]--[@CR39]^ and in-plane deformations^[@CR11],[@CR33],[@CR40]^ have been developed, in addition to stimuli-responsive, reversibly actuatable materials^[@CR33],[@CR41]^. However, since film thicknesses are often large (e.g., $\documentclass[12pt]{minimal}
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                \begin{document}$${\sim} 10$$\end{document}$ µm), 3D objects made from such soft films typically have large characteristic radii of curvature ($\documentclass[12pt]{minimal}
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Atomically thin materials are required for atomic scale programming. To date, 3D feature generation involving inorganic 2D materials^[@CR42]^, with thicknesses $\documentclass[12pt]{minimal}
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                \begin{document}$$<$$\end{document}$1--10 nm, has largely been explored using thicker composite bilayers or bimetallic strips^[@CR43]--[@CR45]^, mechanical self-assembly/buckling-based approaches (e.g., patterned sheets on thicker prestrained deformable substrates^[@CR46]--[@CR49]^), and cut-and-deform/kirigami approaches^[@CR50],[@CR51]^. Quasi-2D materials with novel thermal^[@CR52],[@CR53]^, mechanical^[@CR54]^, optical^[@CR55],[@CR56]^, and electronic^[@CR57],[@CR58]^ properties have thus been produced. However, programmed atomic scale 3D features are not readily realized with such approaches.

Here, we propose and theoretically investigate an approach based on single 2D transition metal dichalcogenide (TMD) alloy monolayers that permits composition programming to achieve nanoscale 3D objects with exquisite shape control through both bending and stretching (which we dub omnigami) and is rapidly and reversibly actuatable with external electric fields. This system also facilitates the conjugate process; using imposed shapes to self-assemble composition patterns during synthesis or postprocessing. The resultant composition patterns imprint shape, which may be retained when the shape control is removed (e.g., TMD annealing on and removal from a nonplanar substrate). We explore the shape and composition programmable features of TMD alloy monolayers by developing a first principles-informed continuum model for their coupled mechanics, alloy thermodynamics, and interaction with electric fields. The fundamental relations between composition and deformation are derived for several simple shapes and patterns. We then numerically demonstrate the ability to program a wide variety composition patterns and 3D shapes, from smoothly curved to purely fold-based origami designs, with a wide variety of strain states, from internally strain-free to patterns with designed residual strains (e.g., to obtain target mechanical or electronic properties). We also demonstrate how the electrically dipolar nature of Janus (see below) TMDs enables dynamic actuation of these self-shaping 2D materials with electric fields for smart or 4D material functionality. Potential applications of patterned, shaped, and responsive TMD monolayers in optoelectronic devices, flexible electronics, catalysis, responsive coatings, and soft robotics are discussed. Demonstrations include designed composition patterns that can be employed in electronic devices with spatially tailored bandgaps, bilayers with programmed twist angles, and sheets with corrugated/compliant, crumpled, or channeled geometries of nearly arbitrary complexity.

Results {#Sec2}
=======

Physical concept {#Sec3}
----------------
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                \begin{document}$$\bar{c}=({c}_{+}+{c}_{-})/2$$\end{document}$ (where +/− refers to the upper/lower chalcogen layers) generate variations in in-plane strain (Fig. [1](#Fig1){ref-type="fig"}a). Similarly, vertical variations in chalcogen concentration (quantified in terms of Janus degree $\documentclass[12pt]{minimal}
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                \begin{document}$$h$$\end{document}$ is the monolayer thickness, $\documentclass[12pt]{minimal}
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                \begin{document}$$M{Y}_{2}$$\end{document}$; see Fig. [1](#Fig1){ref-type="fig"}b). Spatially uniform Janus TMD monolayers are novel piezoelectric materials^[@CR59]--[@CR63]^. Here, we propose using the natural curvature of Janus TMDs^[@CR60]^ in shape programming by patterning lateral variations in Janus degree and thus curvature.Fig. 1Coupling between composition and deformation in TMD alloy monolayers. **a** The TMD hexagonal crystal structure and illustrations of compositionally generated stretching and bending deformations in MoSeS alloys (the $\documentclass[12pt]{minimal}
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                \begin{document}$$z$$\end{document}$-direction is normal to the TMD monolayer). Metal and chalcogen atoms are shown in gray and cyan/magenta, respectively. The S/Se size difference is amplified for visual clarity. **b** Equilibrium geometries of Janus $\documentclass[12pt]{minimal}
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The conjugate material programming processes explored here are referred to as shape $\documentclass[12pt]{minimal}
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                \begin{document}$$\to$$\end{document}$ shape programming (patterning composition to program non-flat monolayer topographies). These can both be viewed as forward problems; for a given input (shape or composition), determine the output (composition or shape). Or, as inverse/design problems; given a target output (shape or composition), determine the input (composition or shape) required to generate it. Our presentation is framed in terms of the forward problems which provide a simpler framework for conveying the physical principles and methodology behind dynamic MoSeS omnigami. We return to the inverse/design problems in the Discussion.

First principles-informed continuum model {#Sec4}
-----------------------------------------

We consider a single alloy TMD monolayer $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal{F}}_{{c}_{+}}+{\mathcal{F}}_{{c}_{-}}$$\end{document}$ is the compositional free energy of the upper and lower flat chalcogen layers in the absence of an electric field, and $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal{F}}_{{\rm{electric}}}$$\end{document}$ is the electrostatic energy of the heterogeneously alloyed (dipolar/Janus) monolayer in an applied electric field.

Elastic energy {#Sec5}
--------------

The mechanics of the monolayer is described using the Föppl-von Kármán thin plate theory extended to include heterogeneous bending eigenstrain fields associated with the Janus nature of the monolayers and stretching eigenstrain fields associated with in-plane misfit from variations in the composition (averaged over the two chalcogen layers at each position in the monolayer). The elastic free energy functional has contributions from the in-plane strain $\documentclass[12pt]{minimal}
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Since hexagonal (H phase) TMD monolayers are elastically isotropic, Eqs. ([3](#Equ3){ref-type=""}) and ([4](#Equ4){ref-type=""}) can be rewritten with the plane strain $\documentclass[12pt]{minimal}
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Compositional energy {#Sec6}
--------------------

The alloy free energies of TMD monolayers with alloyed metal^[@CR64]^/chalcogen^[@CR65]^ layer(s) have previously been calculated within a regular solution model. Here, we generalize the regular solution model for each chalcogen layer in MoSeS-type alloys by inclusion of coupling between layers$$\documentclass[12pt]{minimal}
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Electrical potential energy {#Sec7}
---------------------------
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Physical parameters {#Sec8}
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Simulation schemes {#Sec9}
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------------------------------------------------------------------------------

In the following subsections we examine how patterned monolayer shape (topography) can be used to generate composition patterns.

Programmed Janus monolayers {#Sec11}
---------------------------
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The results demonstrate that Janus patterns can be directly obtained by annealing on substrates with patterned topographies and that compositional energy introduces a factor of $\documentclass[12pt]{minimal}
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Complex patterns and scale dependence {#Sec14}
-------------------------------------

More complex composition patterns can be constructed by combining these relatively simple patterning elements as building blocks. One example is the Miura-ori paper folding pattern shown in Fig. [2](#Fig2){ref-type="fig"}b. For patterns less amenable to analytic approximations, numerical simulations provide the necessary deformation-composition mappings. Our numerical approach to forward shape $\documentclass[12pt]{minimal}
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While the spatial dimensions of programmed composition patterns can be varied from the nano- to macro-scale, not all terms in the total free energy $\documentclass[12pt]{minimal}
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Functional patterns {#Sec15}
-------------------

Having demonstrated and quantified how to induce composition patterns based on patterned in-plane strain/topography, we apply the same approach to designing composition patterns with targeted functional properties (electronic, photonic, etc.). For example, in-plane $\documentclass[12pt]{minimal}
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                \begin{document}$$J$$\end{document}$) and residual in-plane strains produce spatially varying bandgaps (see Fig. [2](#Fig2){ref-type="fig"}d), this approach can be used to create novel quantum structures, electronic heterojunctions, conductive interconnects, etc. Additionally, applying the same approach to the WTeS system, where variations in composition may produce a semiconductor to metal phase transformation^[@CR64]^, a pattern of metallic "wires" can be created in a semiconducting sheet. This post-growth, self-assembly-based patterning approach is simpler and more spatially controllable than typical direct synthesis methods in which each material component of the heterostructure or superlattice is sequentially grown.
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Now we examine how patterned compositions can be used to generate 3D structures from 2D sheets. Equilibrium composition $\documentclass[12pt]{minimal}
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Simple shapes {#Sec17}
-------------

Analytical predictions of 3D shapes generated by different Janus composition patterns are reported in Table [1](#Tab1){ref-type="table"}. Asymptotic results with respect to $\documentclass[12pt]{minimal}
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Scale dependence of shapes {#Sec18}
--------------------------
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Programmed folds {#Sec19}
----------------

Consider the case of 1D folds or bends; i.e., origami. The angle $\documentclass[12pt]{minimal}
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                \begin{document}$$L\ \approx \ 6$$\end{document}$, 4, and 2 nm for the same TMDs. We take these as proxies for the smallest feature sizes achievable with this approach, which implies that 3D objects as small as tens of nanometers are realizable.

Complex shapes {#Sec20}
--------------
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                \begin{document}$$\to$$\end{document}$ shape programming, analytical predictions for simple shapes can be combined to create more complex shapes or numerical simulations can be employed to equilibrate the shape of a monolayer with fixed $\documentclass[12pt]{minimal}
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                \begin{document}$${c}\!_{\pm }$$\end{document}$. An example of the numerical approach is presented in the Discussion section.

Uniformization theorem {#Sec21}
----------------------

In shape programming of sheets, the stretching and bending eigenstrains are general rank two tensors. However, in the TMDs considered here, the stretching and bending eigenstrain tensors are isotropic (i.e., changes in composition yield a distribution of point sources of dilatation and no shear). While this would seem to impose a restriction on the possible shapes that can be programmed, the Uniformization Theorem^[@CR71]^ (an exact, geometric result that implies that any surface can be coordinatized with an isotropic metric) implies that there is no such restriction (in the limit that bending stiffness tends to zero). For this result to hold exactly, the system must admit arbitrarily large stretching eigenstrain (e.g., approaching infinity or $\documentclass[12pt]{minimal}
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                \begin{document}$$-1$$\end{document}$ at discrete points). There is thus a restriction emerging from the maximum programmable stretching eigenstrain. 1D shapes such as P2 and P3, for example, cannot be isotropically coordinatized without extremely large stretching eigenstrains and in MoSeS must therefore contain unwanted misfit strain and shape distortion. The consequences of finite bending stiffness for achieving an exact target shape is higher order and can be at least partially resolved with programmed bending eigenstrain. This problem has been extensively studied in the computer graphics literature where algorithms have been developed to efficiently compute the required stretching eigenstrain field for a particular target shape^[@CR72]^.

Functional shapes {#Sec22}
-----------------

Building on the fundamental features of composition $\documentclass[12pt]{minimal}
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                \begin{document}$$\to$$\end{document}$ shape programming in TMD monolayers outlined here, designs for shapes with targeted electronic, photonic, mechanical, and chemical properties can be created. These may include compliant corrugated designs for use in flexible electronics^[@CR46],[@CR49],[@CR73]^, self-enclosing designs for storage and delivery of pharmaceuticals, soft robotics^[@CR44]^, high surface area corrugated/crumpled monolayers for use in optical metasurfaces, light harvesting, and catalysis^[@CR24],[@CR74]^, monolayers with geometric features designed for hydrophobic, hydrophilic, or omniphobic properties^[@CR74]^, nanoplasmonic devices and sensors^[@CR47],[@CR55]^, photodetectors^[@CR48]^, and templates for selective self-assembly of molecules and nanoclusters^[@CR75]^.

Patterned and shaped monolayers may also be used to program the relative twist between stacked monolayers. When stacked, the crystallographic preference is to align the two monolayers with relative twist angle $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi =\psi$$\end{document}$ and the corrugations align. Additionally, the electric dipoles created by the Janus stripes give rise to an electrostatic interaction that is also minimized when like dipole moments align between monolayers, again, at $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi =\psi$$\end{document}$ (see Fig. [5](#Fig5){ref-type="fig"}b) when the latter two effects outweigh the crystallographic preference for $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi =0$$\end{document}$.Fig. 5Programming the twist between TMD alloy monolayers with Janus patterns. **a** Atomic representations of two monolayers compositionally patterned along different crystallographic directions separated by an angle $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi$$\end{document}$ by the preference to align the programmed out-of-plane deformations and electric dipole patterns of the two monolayers

Estimates of the energies involved (see Methods) suggest that twisted configurations may, indeed, be stable, particularly in $\documentclass[12pt]{minimal}
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                \begin{document}$$M$$\end{document}$TeS. Janus stabilized twist would enable controlled study of the many interesting phenomena that emerge when 2D materials are stacked with particular twist angles, including unconventionally superconducting magic-angle superlattices^[@CR76]^ and chiral stacks with plasmonic and other applications.

Dynamic actuation with electric fields {#Sec23}
--------------------------------------

Thin elastic sheets whose internal strains, and thus shape, can be altered using external stimuli (smart materials) are broadly useful in emerging technologies such as MEM/NEM actuation and soft robotics^[@CR77],[@CR78]^. TMD alloy monolayers with nonzero Janus degree may be dynamically and reversibly reconfigured using external electric fields. Since Janus regions within a monolayer are electrically dipolar^[@CR60]^, an applied electric field will exert local torques ($\documentclass[12pt]{minimal}
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                \begin{document}$${\boldsymbol{\tau }}={\bf{p}}\times {{\bf{E}}}_{{\rm{A}}}$$\end{document}$) on Janus regions not aligned with the field. This produces local sheet reorientation, flattening, or bending, depending on the local electric polarity relative to that of the field (Fig. [6](#Fig6){ref-type="fig"}a).Fig. 6Using applied electric fields $\documentclass[12pt]{minimal}
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                \begin{document}$${{\bf{E}}}_{{\rm{A}}}$$\end{document}$ to actuate TMD alloy monolayers with composition-programmed shapes. **a** Schematics of how Janus regions in monolayers with clamped edges reorient, bend, or flatten according to their electric polarity relative to that of the field. Gray, magenta, and cyan spheres represent Mo, S, and Se atoms, respectively. Gray (black) arrows indicate atomic dipole moment (applied electric field) direction. The first column shows equilibrium shapes of seven Janus-patterned free standing sheets in the absence of an applied electric field ($\documentclass[12pt]{minimal}
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                \begin{document}$$\pm {{\bf{E}}}_{x}$$\end{document}$-induced crumpling of a monolayer containing circular Janus domains arranged on a square lattice with randomly assigned polarity. **j** $\documentclass[12pt]{minimal}
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                \begin{document}$${{\bf{E}}}_{x}$$\end{document}$-induced two-scale buckling/folding of a patterned monolayer containing zigzag Janus domains on two length scales. Also see Supplementary Movies [6](#MOESM8){ref-type="media"}--[26](#MOESM28){ref-type="media"}

Actuation of patterned Janus monolayers {#Sec24}
---------------------------------------

Janus patterns can be designed to exploit these effects and induce systematic, reversible, and dramatic shape changes with controlled application of electric fields. Examples of actuated shape change are shown in Fig. [6](#Fig6){ref-type="fig"}b--j. Embedded uniform Janus domains (Fig. [6](#Fig6){ref-type="fig"}b) follow in-plane fields $\documentclass[12pt]{minimal}
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                \begin{document}$${{\bf{E}}}_{y}$$\end{document}$ in a "sunflower" fashion and either pucker or flatten in response to $\documentclass[12pt]{minimal}
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                \begin{document}$${{\bf{E}}}_{z}$$\end{document}$ (Supplementary Movies [6](#MOESM8){ref-type="media"} and [7](#MOESM9){ref-type="media"}). The realized shapes reflect a balance between the forces exerted by the electric field and induced elastic forces that tend to oppose the deformation (particularly in periodic monolayers). Embedded Janus domains with an axis of mirror symmetry, such as the elastically dipolar Janus-Janus circles shown in Fig. [6](#Fig6){ref-type="fig"}c, fold under $\documentclass[12pt]{minimal}
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                \begin{document}$${{\bf{E}}}_{y}$$\end{document}$ (Supplementary Movies [8](#MOESM10){ref-type="media"}--[10](#MOESM12){ref-type="media"}). This folding effect can be implemented into mechanically anisotropic lamellar patterns that fold under one in-plane field direction (Fig. [6](#Fig6){ref-type="fig"}d, Supplementary Movie [11](#MOESM13){ref-type="media"}) or anisotropic 2D patterns that can fold in more than one direction but are geometrically frustrated from folding in certain directions (Fig. [6](#Fig6){ref-type="fig"}e, f, Supplementary Movies [12](#MOESM14){ref-type="media"}--[18](#MOESM20){ref-type="media"}). Other examples include radial patterns of different symmetries (Fig. [6](#Fig6){ref-type="fig"}g, h, Supplementary Movies [19](#MOESM21){ref-type="media"}--[24](#MOESM26){ref-type="media"}), lattices with randomly selected Janus polarity leading to quasi-random crumpling (Fig. [6](#Fig6){ref-type="fig"}i, Supplementary Movies [25](#MOESM27){ref-type="media"} and [26](#MOESM28){ref-type="media"}), and actuatable multiscale or hierarchical patterns (Fig. [6](#Fig6){ref-type="fig"}j, Supplementary Movie [27](#MOESM29){ref-type="media"}). More complicated actuation effects can be achieved with nonuniform electric fields.

Applications with actuation {#Sec25}
---------------------------

Designs based on these dynamically configurable and reversible smart materials have potential uses in mechanical actuation of MEMS/NEMS and in dynamically controllable and tunable implementations of the applications noted in the previous section for designed static shapes. Properties of the materials and devices described therein can be rapidly and reversibly enabled, disabled, and tuned.

Potential applications based on the structures shown in Fig. [6](#Fig6){ref-type="fig"} include unidirectional or multidirectional electromechanical actuators and force sensors (Fig. [6](#Fig6){ref-type="fig"}d, e, i), surfaces with dynamically variable multiscale features for tunable wettability (Fig. [6](#Fig6){ref-type="fig"}j), and dynamically reconfigurable surfaces for microfluidics and self-assembly templates (Fig. [6](#Fig6){ref-type="fig"}d--h, j)^[@CR79]^. Additional uses include generating heterogeneous in-plane strains with $\documentclass[12pt]{minimal}
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                \begin{document}$$E$$\end{document}$-fields (see, e.g., Fig. [6](#Fig6){ref-type="fig"}c) to dynamically and locally tune electronic structure, introducing Janus patterns and $\documentclass[12pt]{minimal}
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                \begin{document}$$E$$\end{document}$-field application protocols to guide sequential self-assembly of elaborate 3D shapes.

The forces generated during actuation can also be translated into propulsion mechanisms for nano/micro devices. For example, the flapping mode of Janus--Janus domains (Fig. [6](#Fig6){ref-type="fig"}c) could be incorporated into driven swimmers by adhering each half-circle onto a stiffer backing material. The force exerted by a perpendicular electric field on a Janus domain with one edge of width $\documentclass[12pt]{minimal}
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                \begin{document}$$F \approx | {\bf{p}}| | {\bf{E}}|\ell$$\end{document}$. A 1 MV m$\documentclass[12pt]{minimal}
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                \begin{document}$$\ell =1$$\end{document}$  µm domain, comparable to the locomotive forces generated by bacteria on similar length scales^[@CR80]^. $\documentclass[12pt]{minimal}
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                \begin{document}$$F$$\end{document}$ can be increased by stacking several monolayers.

Discussion {#Sec26}
==========

We have demonstrated that shape and composition programmable TMD alloy monolayers are capable of self-assembling a wide variety of patterns and shapes with nano- to macro-scale features and that these shapes can be reversibly actuated with applied electric fields.
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                \begin{document}$$\to$$\end{document}$ shape programming processes examined above can be reposed as inverse or design problems; given a target shape or composition, determine the input composition or shape required to generate it. It is straightforward to invert our analytic solutions to the forward problems (see Table [1](#Tab1){ref-type="table"}) to obtain solutions to the inverse problems for simple shapes/patterns. Our numerical solution approaches for complex shapes/patterns can also be adapted to these tasks by additionally optimizing shape amplitude with respect to target composition patterns (designed shape $\documentclass[12pt]{minimal}
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                \begin{document}$$\to$$\end{document}$ shape). This optimization is accomplished in both cases by combining the two types of forward programming processes, as described in Methods and shown in Fig. [7](#Fig7){ref-type="fig"} for a complex shape (the obverse of the US Franklin half dollar).Fig. 7Benjamin MoSeS Franklin: a complex shape produced by numerical designed composition $\documentclass[12pt]{minimal}
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                \begin{document}$$\to$$\end{document}$ shape programming. The target shape (left---a 1.4 µm version of the obverse of the Franklin half dollar) is used as a substrate template (1) upon which an initially homogeneous MoSeS monolayer is annealed at 1023 K (shape $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{c}$$\end{document}$), upon release from the template yields an uncompensated shape with features very similar to the target but with smaller shape amplitude (composition $\documentclass[12pt]{minimal}
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                \begin{document}$$\to$$\end{document}$ shape programming, green arrow). (3) The composition patterns obtained from (1) are multiplied by the ratio of target (10 nm) to uncompensated (6.7 nm) shape amplitude (compensation, blue arrow). (4) A monolayer assigned the compensated composition state, upon shape equilibration yields a shape with features and amplitude very similar to the target (composition $\documentclass[12pt]{minimal}
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The relative bending and stretching strains (or $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{c}$$\end{document}$ pattern magnitudes) associated with a target shape can significantly affect programmed shape accuracy. The accuracy with which complex shapes such as the Benjamin MoSeS Franklin example shown in Fig. [7](#Fig7){ref-type="fig"} can be programmed increases as the amplitude of the target shape decreases. Equilibrium composition patterns become $\documentclass[12pt]{minimal}
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                \begin{document}$$J$$\end{document}$-dominated at small amplitude. However, the topographical amplification factor simultaneously approaches its maximum value (bending-dominant $\documentclass[12pt]{minimal}
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                \begin{document}$$T=1023$$\end{document}$ K), such that the realized free-standing shapes become increasingly flattened relative to their templates. On the other hand, the composition patterns that produce large amplitude complex shapes tend to be $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{c}$$\end{document}$-dominated, which results in less flattening upon removal from the template substrate but less overall shape accuracy.

Our numerical procedures for designed programming can be combined to enable physical realization in the laboratory. For example, once a composition pattern that will program a target shape has been determined by our designed composition $\documentclass[12pt]{minimal}
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                \begin{document}$$\to$$\end{document}$ shape programming procedure, this composition pattern must be physically realized. A substrate template topography that will produce the desired pattern can be computed using the designed shape $\documentclass[12pt]{minimal}
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                \begin{document}$$\to$$\end{document}$ composition programming procedure described above.

Recent experimental results demonstrate that the fundamental mechanisms behind our approach are operable and observable. A link between composition and shape has been established, e.g., in defect-free WS$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{2}$$\end{document}$ monolayer heterostructures^[@CR27]^, where compositional misfit strain created by S/Se and S/Te gradients induces periodic out-of-plane ripple patterns. The production of stable Janus MoSeS monolayers^[@CR61]--[@CR63]^ further indicates that Janus degree can be spatially controlled. The viability of the topographic annealing approach that we propose for this purpose (shape $\documentclass[12pt]{minimal}
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                \begin{document}$$\to$$\end{document}$ composition programming) is supported by experimental results which demonstrate that transition metal diffusivities are sufficiently large (at TMD growth temperatures) to redistribute transition metal composition profiles under relatively small driving forces^[@CR81]^. Since chalcogen diffusivities are generally larger than metal diffusivities, this suggests that significant chalcogen redistribution will also be achievable.

Nanopatterned TMD growth substrate topographies have been demonstrated using ion-beam-projection lithography^[@CR23]^. TMD synthesis on these topographically anisotropic substrates resulted in conformal, isomorphic nanosheet growth. This demonstrates that TMD properties can be tailored via topography-based strain engineering and potentially provides a means to spatially control Janus degree in TMD alloys.

The model presented in this work describes single crystal monolayers without grain boundaries or other topological defects. This limits its validity to single grains, which can currently be grown over $\documentclass[12pt]{minimal}
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                \begin{document}$$\to$$\end{document}$ composition programming. If monolayers containing grain boundaries or domain walls are used, we expect our description to remain valid when strains are sufficiently small and/or grain sizes are sufficiently large relative to topographical or compositional feature sizes. When these conditions are not met, local compositional heterogeneities associated with grain boundaries may become more significant than those created by topographic patterns, and strain-driven defect migration during transfer and annealing may plastically relieve some topographic strain and partially suppress composition patterning. The effects of topological defects can however be built into our model, e.g., as additional contributions to the eigenstrain fields $\documentclass[12pt]{minimal}
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                \begin{document}$${w}_{ij}^{* }$$\end{document}$. Effects associated with finite substrate/monolayer interaction strengths (e.g., slipping and delamination) and free sheet edges can also be treated with appropriate modifications.

The crux of the shape/composition programming paradigm is the determination of the fundamental relations between composition and deformation. We derived these relations for our proposed atomically thin smart shape/composition programming platform and have also presented a physical model with which the relations can be numerically computed for complicated shapes and patterns. Our modeling approach is sufficiently general for application to other TMD alloy systems, other 2D materials, and other shape/composition programmable materials. While our focus here has largely been on shape and composition programming, the ultimate goal is physical property programming - optimization of patterns and shapes with respect to target material properties. We have provided examples of spatial bandgap modulation and have suggested several other possibilities involving designed mechanical, catalytic, chemical, thermal, and optical properties. Combination of the utility of smart shape programmables with the diversity of intrinsic TMD properties and designed composition patterns, all tunable across length scales, suggest a broad set of potential applications for this 2D material platform.

Methods {#Sec27}
=======

Plate theory formalism {#Sec28}
----------------------

Here we outline the derivation of the modified Föppl-von Kármán equations used in this work, Eq. ([2](#Equ2){ref-type=""}). These equations include the effects of general eigenstretching and eigenbending fields.

We describe material deformation mathematically as two embeddings of the 2D (with small thickness) material in 3D space (Table [2](#Tab2){ref-type="table"}). One embedding represents the undeformed geometry and gives the Lagrangian, or material, coordinates (notated in upper case). The other represents the deformed geometry and gives the Eulerian, or spatial, coordinates (notated in lower case). The indices $\documentclass[12pt]{minimal}
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To describe stretching, we consider first the in-plane stretching deformation in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$({X}_{1},{X}_{2})$$\end{document}$ coordinate basis. The displacement vector in 3D Lagrangian coordinates is defined $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${u}_{a}({X}_{i})={x}_{a}({X}_{i})-({X}_{i},0)$$\end{document}$. The full Lagrangian stretching deformation tensor is$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\epsilon }_{ij}({X}_{i})=\frac{1}{2}({u}_{i,j}+{u}_{j,i}+{u}_{a,i}{u}_{a,j}).$$\end{document}$$

For bending, we consider the small but finite thickness of the plate to find the moments that give the bending deformation. We use the Kirchoff-Love hypothesis and other approximations to give that strains $\documentclass[12pt]{minimal}
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                \begin{document}$${w}_{ij}={x}_{a,ij}{n}_{a}$$\end{document}$ is the bending deformation tensor, commonly known as the curvature tensor or the second fundamental form of the surface.

The approximation of the Föppl-von Kármán equations is that the plate undergoes small deformations and small rotations out of plane. Thus, we ignore the higher order terms $\documentclass[12pt]{minimal}
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                \begin{document}$$w({X}_{i})={u}_{3}({X}_{i})={x}_{3}({X}_{i})$$\end{document}$. With this, the stretching and bending deformation tensors become$$\documentclass[12pt]{minimal}
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The following definitions are employed for strain. Strain is the deformation from the state that has strain zero. Eigenstrain $\documentclass[12pt]{minimal}
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Thus, the strain tensor at a point $\documentclass[12pt]{minimal}
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The usual elastic energy functional $\documentclass[12pt]{minimal}
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Electric dipoles {#Sec29}
----------------

We examine the importance of the dipole-dipole interaction energy in MoSeS monolayers by examining its effect on pattern P2, a 1D quadratic bend ($\documentclass[12pt]{minimal}
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                \begin{document}$$w=B{x}^{2}/2$$\end{document}$) created by a thin homogeneous Janus strip, in this case within a monolayer with free edges. As can clearly be seen in Supplementary Fig. [1](#MOESM1){ref-type="media"}, the effect of dipole--dipole interactions is not found to qualitatively alter the results obtained in the absence of these electrostatic effects. We therefore neglect dipole--dipole interactions in this work, which significantly simplifies the analysis and simulations.

Employing this approximation, the thermodynamic (dipolar) potential that dictates the monolayer's topography in electrostatic equilibrium under an applied electric field $\documentclass[12pt]{minimal}
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DFT calculations {#Sec30}
----------------

Here, we detail the DFT calculations performed to determine $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda$$\end{document}$ for MoSeS. All DFT calculations were performed with the Vienna Ab Initio Simulation Package (VASP)^[@CR82],[@CR83]^ using a plane-wave basis set and the projector augmented wave method^[@CR84],[@CR85]^. The Perdew-Burke-Ernzerhof generalized gradient approximation was employed to treat exchange-correlation effects^[@CR86]^. The plane wave kinetic energy cutoff was set to 420 eV, and a $\documentclass[12pt]{minimal}
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The constant that describes the compositional interactions between chalcogen layers, $\documentclass[12pt]{minimal}
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Mechanical and chemical relaxation {#Sec31}
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Out-of-plane displacements are evolved toward equilibrium using a physically-motivated damped wave equation that approximates flexural acoustic phonons$$\documentclass[12pt]{minimal}
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For conditions in which chalcogen composition is conserved but only equilibrium states are of interest (physical kinetics are not necessary), a Lagrange multiplier is added to enforce conservation without the need for slower diffusive kinetics$$\documentclass[12pt]{minimal}
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Conserved composition and physical kinetics are treated with generalized diffusion equations$$\documentclass[12pt]{minimal}
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Composition-to-twist programming {#Sec32}
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An example of Janus-stabilized twist, $\documentclass[12pt]{minimal}
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